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CORROSION OF STEEL IN
CONTINUOUSLY SUBMERGED RﬁINFORCED CONCRETE PILING

By
J. L. Beaton, D. L. Spellman, and R, F. Stratfull*

ABSTRACT

The report describes a portion of a broader corrosion study
and examines in some detail the aspect of steel corrosion in
portions of piling which were continuously submerged for a period
of approximately 37 years in sea water .

As part of a contract for a new bridge as a replacement of
the 37-year old San Mateo-Hayward Bridge which was located in San
Francisco Bay; the existing piles from the old bridge were removed.
A total of 17 of these piles were inspected for this study by
exposing the reinforcing steel. In addition, ;amples of concrete-
were obtained so as to determine the contained salt content.

Under continuously submerged conditions, it was found that
8 out of 17, or approximately 47 percent of the pilings had heavy

corrosion of the steel. The metal loss of the heavily corroded
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sections of the steel was in the character of irregular shaped,
broad pits that ranged in depth between 0.017-inch and 0.260-inch.
The average of the maximum pit depths was 0.ll4=-inch for the pits

having lengths up to approximately six inches.

The chloride content found in the continuously submerged
concrete ranged between 13 and 34 pounds per cubic yard, and
averaged 25 pounds per cubic yard.

On the basis of absorption measurements made of the
concrete, it was calculated that there could be a 10% chloride

solution in the concrete, while the bay water contained 1.7%

chloride.
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CORROSION OF STEEL IN
CONTINUOUSLY SUBMERGED REINFORCED CONCRETE PILING

By
J. L., Beaton, D. L. Spellman, and R. F. Stratfull#*

INTRODUCTION

In cooperation with the Bureau of Public Roads, the
California Division of Highways, Materials and Research Department,
has been continuing its studies of the causes of corrosion of steel
embedded in concretels2:3,4:5, This portion of the over-all study
is concerned with determining the level of chlorides in concrete
that can cause the corrosion of the embedded steel and ascertain-
ing the existence of corrosion of steel in continuocusly submerged
portland cement concrete facilities.

Due to the difficulty of obtaining and inspection sube
merged sectioms of portland cement concrete structures, little
data seems to be available in the literature that describe the
long-time corresion performance of such facilities. Recently,
there has been an opportunity to inspect and sample the reinforced
concrete piling which was being removed as part of the demolition

of the then approximately 37<year old San Mateo-Hayward Bridge.

*Materiale and Research Engineer; Assistant Materials and Research
 Engineer - Comcrete; Senior Corrosion Engineer
California Division of Highways, Materials and Research Department
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A new bridge is being constructed to replace the old structure
because of modern day traffic requirements plus the continuing
excgssive cost of maintenancel, of the 7.04-mile long old bridge.
The structure is located across the southerly arm of the San
Francisco Bay.

This study is primarily a report on the findings at one
bridge site. It is not considered that the data being presented
is comprehensive or complete because it does not report on the
incidence of corrosion nor the chloride content in concrete struce

tures elsewhere. It merely adds knowledge in an area of corrosion

that is now sparse.
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SUMMARY AND CONCLUSIONS

The results of an inspection in the areas of continuocusly
submerged portions of 17 reinforced concrete piles which were
removed from the approximately 37-year old San Mateo-Hayward
Bridge, showed that eight, or approximately 47 percent of the piles
had significant corrosion of the reinforcing steel. The average
maximum depth of corrosion pits of the steel was 0.1l1l4=inch.

The average chloride-ion content of approximately 2-inch
thick fragments of concrete was found to be 23 pounds per cubic
yard, Based on the 7-day absorption of the concrete, it is cal-
culated that the chloride content of the water contained in the
saturated concrete could average 10 percent by weight of the con-
tained water. The San Francisco Bay water in the vicinity of the
bridge has had a measured chloride-ion content of 1.7 percent.

The calculated difference in the chloride level of the
concrete in areas of heavy corrosion and areas of light corrosion
was quite small, on the order of 0.6-1b, per cubic yard. The
difference does not seem to be significant. It appears that the
corrosion phencmenon at these high levels of chloride concen=
tration may be controlled by factors other than just the presence
of salt.

This investigation did not determine the mechanism of

corrosion of the steel in the continuously submerged sections of



http://www.fastio.com/

J. L. Beaton
D. L. Speliman
R. F. Stratfull A

the piles. However, this phase of the over=-=all investigation
demonstrated that with this particular salt contaminated concrete
and approximately 2 inches of cover, corrosion ceccurs in contin-

uously submerged sections of piling.

ClibRD! WAL LLRS LO-c0-


http://www.fastio.com/

J.-L. Beaton
D. L. Spellman
R. F. Stratfull =5

REINFORCED CONCRETE PILING HISTORY

There are many reports in the literature which acknowledge
the corrosion performance of reinforced concrete piling. Lea and
Watkins®, in their laboratory studies of partially immersed,
simulated reinforced concrete piling, concluded that the primary
cause of concrete deterioration was corrosion of the reinforcement.
The results of their laboratory type studies are amplified by the
full-scale studies reported by Tyler?., He reported that corrosion
of the reinforcing steel in the piling somewhat obscured tests
being made primarily to evaluate the performance of various cements.

There have been many reports which have described the
corrosion of reinforcing steel in atmospherically exposed sections
of pilingls[“sssg»llo It has also been reported that there has
been satisfactory performance over a pericd of 20-30 years even
when piling have been badly cracked as a result of drivinglo°

There has been general agreement in the literature that
the passivity of steel in conmcrete is destroyed by chlorides, and
corrosion is usually the result of az galvanic type of corrosion
ce11ls5,12,13,14,15,16 17 One could assume that there would be
a uniform moisture and chloride content of a submerged pile.

Bowever, C@penhag@n14 found differentials in the salt content of

a pile submerged in sea water for at least a year.
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R The corrosion of steel in concrete has been reported when

there are differentials in the salt content within the

concr’etel ’12 ’ 14 o

However, corrosicn of the steel is not known

to normally occur in relatively salt-free concrete in California
bridges. Figure 1, Deterioration of a Structure versus Chloride
Content, shows that at chloride contents in excess of approximately
0.1l-pound per sack of cement in a 5.4=-gack concrete, the degree of
deterioration of the concrete as a result of corrosicn of the steel
is not directly related to the chloride contentl, These data were
obtained from atmospherically exposed beams of a bridge. The
chloride contents shown in Figure 1 are averages for l-inch thick
disks cut from 2=-inch diameter cores.

For this same bridge, Figure 2, Deterioration Versus
Resistivity, the data indicate that once the chloride content of
the atmospherically exposed concrete is sufficiently great, the
resistivity of the concrete in the anodic areas is a controlling
factor in the deteriorationlo Within certain limits, the resis-
tivity of a concrete is inversely related to/its moisture contentl,
Therefore, it would seem that if a concrete contained a high level
- of chloride-ion and was submerged so that its resistivity was low,

corrosion of the steel could cccur. It is assumed that the rate
or even the incidence of visible results of corrosion would
probably be controlled by polarization effects, the relative

surface areas of the ancde and cathode, and also, time.
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Characteristics of the Concrete
‘San Mateo~Hayward Bridge

Previous studies! were initiated to determine the degree
to which the particular concrete used in this structure may have
promoted corrosion of the reinforcing steel. Available construc-
tion records show that the average cement content of the concrete
in the piles was 6.9 sacks per cubic yard.

The slump of the concrete used in casting the piles was
reported as varying from 3 to 6-1/2 inches, but was generally in;
dicated as within the range of 3-inch to 5-inch. Gravel used as
coarse aggregate, nominally of 1-1/2-inch to No. 4 size, had a
high percentage passing 1 inch. Construction records pertaining
to grading of the sand are meager, but analysis of hardened
concrete samples from the bridge show it to be well graded with a
fineness modulus of the order of 2.8,

Based on the grading of the aggregate and the slump of the
concrete, it was estimated that the water content was about 40
gallons per cubic yard. From the cement factors as reported,
water-cement ratio for the piles was computed to be about 5.7
gallons per sack of cement.

The water of San Francisco Bay at the bridge site contains
approximately 17,000 ppm of chloride-ion, or about 86 percent of
the concentration of average sea waterl. Recommendations of the
American Concrete Institute for exposures comparable to that at

the bridge site, are water-cement ratios not in excess of 4.5
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gallons per sack in pilesw° The water-cement ratios used in the
bridge are, thergfore, about 1 gallon per sack higher than would
be recommended for this exposure today.

Compressive strengths (28-day) of 170 test cylinders made
during construction of the piles were reported to be in the range

of 4000 to 5000 psi.
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SAMPLING METHOD

In general, the method for removal of the piling was
first to excavate approximately five feet of mud below the base
of the pile, then repeatedly bend it until it broke. Figure 3
shows the piling in place while excavation of the bay mud from
the base of the piles was in progress. In many cases, concrete
was stripped from the pile in such a way as to twist the steel
reinforcement. Only the steel in those piles exhibiting the
least amount of removal damage at the mud line were sampled.

After a pile was removed and placed on the deck of the
barge, it was photographed. Then by means of a jackhammer, the
concrete was removed to expose the steel. Fragments of the
removed concrete were identified and retained for further labo-
ratory analysis. All sampling was performed within minutes
after the pile was removed.

Figure 4 shows the typical line of demarcation between
the mud and free water exposure of the piles.

Figure 5 shows the appearance of a pile just prior to

the removal of the concrete for sampling. In some cases, the

corrosion products (rust) from the steel had penetrated to the

surface of the concrete.
Figure 6 shows a pile after the reinforcing steel had

been removed, A torch was used fto cut the steel. All samples
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of the steel were approximately six feet long, extending approxi-

mately three feet in each direction from the mud line.

Results = Corrosion of the Steel

The steel was stripped from one corner of each of 17
piles and any evidence of corrosion was immediately noted by
visual evaluation and later measured by a micrometer,

Figure 7 shows the appearance of a removed oval-shaped
and approximately 4-foot long reinforecing bar. The locations of
the mud or water, which was in contact with the concrete, are noted
on the photograph.

Figure 8 is a close view of the corrosion of the same
steel bar which is shown in Figure 7, and shows a fragment of the
concrete which was in contact with the steel. The dark area on
the surface of the concrete fragment is a rust stain. On Figure 8,
the area of relatively non-corroded steel is the lightly colored
area. The "spotty'" or localized corresion of the steel was
typical.

Figure 9 shows a close view of the corresion attack at a
different locaticn than that shown in Figure 8, but is on the same
piece of steel which is shown in Figure 7. This location is where
the concrete was apparently in continuous contact with the bay
mud. In all cases, the bay mud line on the piles was at least

ten feet below the low tide water ijevel at the time of inspection.
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Of the 17 piles that were inspected, eight, or about 47
percent, were found to have significant corrosion of the rein-
forcing steel. The steel in the other nine piles had what appeared
to be a minor surface spotting of rust.

The maximum corrosion penetration of the steel in those
piles having significant corrosion varied from 0.017=inch to
0.260-inch in depth and averaged O0.ll4~-inch.

The maximum amount of measured metal loss for each pile is
shown in Table 1 along with other data on the concrete cover.

On Table 1, it will be noted that the maximum amount of
metal loss was generally observed in the vicinity of the mud line
on the surface of the piling. The reason that the maximum amount
of metal loss was found near the mud line is not clear. However,
as will be cbserved on Figures 7 and 8, significant amounts of
corrosion loss of the steel was also found in the water contact

zone of the piles.

Chloride-ion in the Concrete

Concrete fragments obtained at the locations of corrosiom
- were chemically analyzed for chloride content by means of an
acid titration, The results of the chloride analysis (Table 1),
are indicative of the average chloride content of the concrete
for the total depth of cover over the steel., Insufficient time
was available to permit the taking of concrete cores which could

have permitted chloride determimation at greater depths.
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As indicated by Table 1, the calculated amount of chleoride=
ion found in the continucusly submerged concrete ranged between
13 and 34 pounds and averaged 25 pounds per cubic yard.

As a comparison, Figure 10 shows the chloride-ion concen=
tration which was previcusly found in atmospherically exposed
sections of piling in this same bridge after approximately 28 years
of exposuralo The chloride contents shown in Figure 10 are
averages for l-inch thick disks cut from 2-inch diameter cores.

It was calculated that for a 2-inch depth of cover and 28 years of
exposure to salt spray, the average chloride content in this con-
crete was approximately five pounds per cubiclyardo However, an
average of 25 pounds of chloride-ion was found in the submerged
(but different) piling in this structure after approximately 37
years of service.

As shown in Table 1, the average 7-day absorption of the
samples obtained from the piling in this study is equivalent to
255 pounds of water per cubic yard of concrete, while the average
chloride-ion content was 25 pounds per cubic yard, These results
indicate that a calculated chleride content of approximately 10
percent by weight of the absorbed free water could be in this
concrete. The chloride content of the bay water was found tc be
approximately 1.7 percent.

We have no construction records that indicate bay water

was used as mixing water, or that calcium chloride was added, nor

has any previous testing indicated that there were additions of
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chloride to the concrete mix.

Concrete Absorption

In this investigation, the method used to measure concrete

absorption was as follows:

1. The concrete was first oven dried at approximately 230°F
for 28 days. —

2, Immediately after oven drying, the concrete was immersed
in tap water at 72 + °F for a total of 28 days.

3, The weight gain of the concrete at 7 days was chosen to
represent the abscrption of the concrete.

&, The volume of the concrete under test was determined at

the 28th day of soaking by the weight in air-weight in

water method.

The results of the absorption tests are shown in Table 1,
and are shown as pounds of water per cubic yard of concrete.

We have outlined the method that we are presently using
for measuring concrete absorption because thus far, for our purpose,
it seems to show promise for obtaining reasonably reproducible
results. Our investigation of a method for measuring concrete
absorption is not complete, therefore we cannot comment at this
time upon its absolute accuracy nor its relative value for dis-
tinguishing between comcretes of various mix designs. However,

the trend of some of the absorption data indicate that after 28
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days of soaking, the weight gain of some of the concrete samples
has been within the range of 15 to 25 grams of the free water
which this same concrete had contained even after two years of
underwater curing. The 7-day absorption value for some of the
concrete samples has been within 8 to 12 grams of the amount of
water absorbed after 28 days of soaking. These weight values
are for concrete cylinders that have a free water c@ntent’that
ranges between 350 and 400 grams at the conclusion of thé various
submerged curing times. Therefore, since our studies of con-
crete absorption are not complete, we have chosen at this time,
the 7-day absorption value primarily because it is a common time

element in concrete technology.
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DISCUSSION

Basically, this phase of the over-all investigation was
primarily concemed with two questions which were: (1) What
chloride content of the concrete will result in corrosion of
imbedded steel? and (2), Does steel corrode in continuously
submerged piling? f

With regard to the first questiom, it would not seem
unusual to find corrosion of steel when the chloride content in
the continuously submerged concrete is in the range of 25 pounds
per cubic yard. What is surprising is that such a high quantity
of chloride was found.

Recently Ost and Monforel? have reported that the
migration of chlorides into concrete is greatly dependent upon
the water-cement ratio of the original concrete mixture.
Depending upon the test parameters, they found chloride contents
in the concrete at an indicated range from 0 to about 30 pounds
or more per cubic yard after one year of testing. .

Other studies have shown that concrete samples have

absorbed up to approximately 453 pounds of chloride-ion per cubic

yard after 88 days of testing.

The mechanism of the corrosion of the steel in these
plles was not investigated and is, therefore, subject to specu-

lation. Previous work on the atmospherically exposed portions
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of piling from this bridge showed the presence of cathodic
potential gradients in these areas. The potential measurements
indicated that the anode was in the tidal water and splash zone
of the piling. No potential measurements were made on the con-
tinuously submerged areas of the pilings. Also, no potential
measurements were made during this later study.

Thus far, it has not been determined whether the corrosion
in the submerged section of the piles on this bridge is sustained
by a submerged cathode or by a cathode which is in the atmos-
pherically exposed section of the pile.

Because of the high level of chloride found in the
submerged sectlons of the piling, it would seem worthwhile to
investigate the mechanism of chloride build-up in concrete.
Previcus work has indicated that chlorides may accumulate in
concrete by assuming that chloride containing water entered the
concrete by absorption and left salt behind as a result of
evaporation4n

It appears that the mechanism of salt accumulation in
concrete may not be simple. For example, in the laboratory, the
placing of initially salt-free and air-dry reinforced concrete
specimens in a saturated salt solution has resulted in visible
evidence of corrosion of the steel in the range of 12 to 25 days?d.
Current, but unreported and unfinished testing by us of reinforced
concrete in saturated salt solutions, has shown that if the con-

crete is first saturated with "clean' water before being immersed
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in salt water, then it will take at least eight months for
corrosion of the steel to occur instead of 12 to 25 days?. There=
fore, it seems that the salt content and the time to corrosion
for reinforced conérete may be significantly controlled by the
amount and nature of the moisture in the concrete immediately
prior to its being placed in an aggressive enviromment. For
concrete that is saturated with "clean' water, it is speculated
that chloride would penetrate by means of diffusion or by
capillary action which could be the result of the evaporation of
the originally contained water. It also appears that if the
diffusion process was the controlling mechanism for chloride
entry, then it would be expected that the calculated chloride
content in the approximately 3i=year old concrete at this bridge.
would be no greater than that which is found in the bay water,
since higher concentrations would tend to diffuse outward.

The results of this phase of the investigation indicates
that emphasis should be placed upon understanding the mechanism
of chloride accumulation in concrete, so as to devise ways to

prevent build-up to levels that result in corrosion of the steel.
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Figure 3. Excavating mud from base of piers. Superstructure
removed.
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CHLORIDE - ION
IN ATMOSPHERICALLY EXPOSED PILING

SAN MATEO-HAYWARD BRIDGE
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